were selected. The progeny also showed variability for all the evaluated CI symptoms and 16 27 genotypes showed considerable lower susceptibility to CI. After 2 weeks of cold storage, 28 leatheriness and bleeding were the main CI symptoms observed, whereas flesh browning was 29 predominant after 4 weeks. 30 CONCLUSIONS: It was possible to find varieties with high phenolics concentration and 31 relatively low or intermediate CI susceptibility (22, 33, 68, 80, 81, 96 and 120). However, the 32 correlations observed between CI and phenol contents highlight their potential influence on 33 susceptibility to internal browning. This relationship should be considered in the current 34 breeding programs to select cultivars with high bioactive compound contents, health-35 enhancing properties and good post-harvest performance. 36 37
INTRODUCTION 40
The commercialization of peach, one of the most important fruit crops in Spain 1 , is 41 limited due to its short post-harvest life because of the rapid ripening and microbial decay. Cold storage, a widely used industrial procedure, remains the main method to inhibit 46 fruit decay and extend shelf life. However, the fruit are very sensitive to low temperature and 47 exhibit chilling injury (CI) after long periods of cold storage.
3 If susceptible varieties of 48 peach, nectarine and other stone fruits are held too long at a low temperature, they will not 49 ripen properly when re-warmed and they will suffer physiological disorders, collectively 50 known as chilling injury. 4, 5 This manifests itself as dry, mealy, woolly (lack of juice) or hard-51 textured fruit with no juice (leatheriness), flesh or pit cavity browning, and flesh bleeding or 52 internal reddening. 3 Browning is often seen in mealy or leathery fruit, although it may occur 53 in the absence of mealiness, when enzymes such as polyphenol oxidase act on phenolic 54
substrates. 4, 6 Flesh bleeding has been also reported as a spread of red pigment, presumably 55 anthocyanins, through the fruit flesh during cold storage or after subsequent ripening. 6 
56
Mealiness and leatheriness are fruit flesh textural disorders, where affected ripe fruit has a dry 57 grainy feel when chewed. 6 In simple terms, mealy fruits are dry and soft when ripe, whereas 58 leathery fruits have dry and firm texture when ripe. 6, 7 Leathery fruit show a high degree of 59 cell wall thickening compared with mealy or juicy fruit. 8 Leatheriness has been described as 60 similar but with even less free juice than in mealy fruit, and the texture of the flesh firm rather 61 than grainy. 9 Although clingstone non-melting flesh (CNMF) cultivars do not become mealy, 62 some may have a short market life due to their high susceptibility to leatheriness or 63 browning. 6 In contrast, freestone melting flesh (FMF) and clingstone melting flesh (CMF) 64
were measured on the juice using a digital hand-held refractometer (Atago, Tokyo, Japan). 115
The initial pH and titratable acidity (TA, g malic acid per 100 g fresh weight) were measured 116 on the same juice samples by automatic titration using NaOH 0.1 mol L -1 and results 117 expressed as (862 Compact Titrosampler, Methrom, Herisau, Switzerland) . Ripening Index 118 (RI) was calculated as the ratio between SSC and TA (SSC/TA). 119
Phytochemical extraction 120
For all the assays, 5 g of peeled fruit flesh from 20 representative fruits were 121 immediately frozen in liquid nitrogen, and stored at -20 ºC until analysis, except for vitamin C 122 where samples were kept in 5 mL of 50 mL L -1 metaphosphoric acid for preservation of 123 ascorbic acid. Samples were homogenized with a polytron for 2 min with 10 mL of extraction 124 solution of 0.5 mol L -1 HCl in 800 mL L -1 methanol for phenolics, 800 mL L -1 of ethanol for 125 sugars and 50 mL L -1 of metaphosphoric for vitamin C and processed as reported in Abidi et 126
al.
1 The supernatant was recovered and processed to be assayed as described elsewhere. 19 All 127 chemicals were of analytical grade and purchased from Sigma-Aldrich (St Louis, MO, USA). 128
Antioxidant and total sugar determinations 129
Specific details for quantification are widely defined by Cantín et al., 19 and methods 130 therein. Vitamin C was measured at 525 nm and expressed as mg of ascorbic acid (AsA) per 131 100 g fresh weight (FW). For total phenolic content, a colorimetric method based on the 132 chemical reduction of the Folin-Ciocalteau reagent was used. The absorbance at 725 nm was 133 measured and the content was expressed in mg of gallic acid equivalent (GAE) per 100 g FW. 134
Total flavonoid content was determined measuring absorbance at 510 nm expressed as mg 135 catechin equivalent (CE) per 100 g FW. Relative antioxidant capacity (RAC) was determined 136 using DPPH (2,2-diphenyl-1-picrylhydrazyl). The absorbance at 515 nm was measured after 137 10 min of reaction and RAC was expressed as mg 5, 7, tetramethylchromane-2-carboxylic acid) equivalent (TE) kg -1 FW. 139
For sugar analysis, 250 μL of the fruit homogenized extract was incubated at 80 °C for 140 20 min in 200 μL of 800 mL L -1 ethanol. Mannitol (5 g L C ) was added as internal standard. 141
The ethanol was then evaporated and samples were purified using ion exchange resins Rad Barcelona, Spain). To estimate the variation in sugar profile among genotypes, 20 μL 143 were injected into the HPLC system (Aminex HPX-87C column, 300 mm × 7.8 mm; Bio-144 Rad, Barcelona, Spain) with a refractive index detector (Waters 2410, Milford, Mass, US). 145
The solvent was deionized water at 85 °C at a flow rate of 0.6 mL min -1 . Sugar quantification 146 was performed with with Empower Login software (Waters) using standards of analytical 147 grade (Panreac Quimica SA, Barcelona, Spain). Sugar concentrations were expressed as g kg -148
1 FW according to Cantín et al. 20 , with few modifications in Abidi et al.
149

Chilling injury symptoms evaluation 150
Chilling injury susceptibility was evaluated in the progeny for two consecutive years 151 (2010 and 2011) after storage of samples of 20 fruits per seedling at 5 ºC and 95% RH 152 (relative humidity) according to Crisosto et al., 4 during 2 or 4 weeks and subsequent ripening 153 at room temperature during 2-3 days. Fruits were then evaluated as described elsewhere 5 for 154 symptoms of CI such as hard texture with no juice (leatheriness), flesh browning and flesh 155 bleeding (internal reddening). Mealiness was not evaluated since this population is CNMF 156 and dry fruit cannot be considered as mealy. Observations were made on the mesocarp and 157 the area around the pit immediately after fruits were cut into two halves through the suture 158 plane. Fruits which had a dry appearance and little or no juice after hand squeezing were 159 considered leathery. Leatheriness and off-flavor were scored as the proportion of fruit affected 160 with these symptoms in the sample. Internal browning was visually scored on a scale of 1 (no 161 browning) to 6 (severe browning). Bleeding was visually scored on a scale of 1 (no bleeding) 162 to 3 (more than 50% of the flesh with bleeding). Then the percentage of progenies of the 163 population within the proportion/score was calculated for every CI symptom. Finally, the 164 degree of CI (CI index) was visually assessed according to the global fruit appearance of each 165 genotype, from healthy fruit with no symptoms (1) to severe CI symptoms (6) showed variability of TA among genotypes with a mean value of 0.59 g malic acid/100 g FW. 199
All genotypes showed lower TA than the maximum limit (0.9 g malic acid/100 g FW) for 200 high-acidity peaches.
22 Also, in this progeny the SSC/TA ratio (RI) showed a broad 201 variability among genotypes (13.8-33.6). RI is an important quality index and is commonly 202 used as a maturity index. In peach, these traits are very important to consider since consumer 203 acceptance is correlated with SSC and TA. The eating quality of peach depends on the 204 composition of individual sugars and organic acids and the ratio between them. The 205 sugar/acid ratio and other sensory quality attributes such as aroma, peach or nectarine flavor, 206 aroma intensity and texture may also be contributing to their consumer acceptance.
207
Significant year-to-year variations in agronomic and basic biochemical traits were also 208 observed in the progeny (Table 2) . However, the first year of study (2009) differed 209 significantly from the last two years (2010 and 2011) for yield, fruit weight, firmness, pH, TA 210 and RI. As observed in Supplementary Figure 1 , the first year of the study (2009) had 211 significantly lower precipitation during the summer period than the following two years, 212 which could partially explain the differences found in the studied traits. Temperatures did not 213 really change during the three years of study. However, yield depends on other factors such as 214 density of flower buds and flowers, fruit set, fruit size, winter and late spring freeze damage, 215 precipitation amount, and orchard management.
216
Antioxidant compounds content 217
Vitamin C content ranged in this progeny from 2.8 to 10.0 mg of AsA/100 g FW 218 (Table 1 ) representing a more than 3.5-fold variation. Values were in the same range as 219 previously reported for vitamin C contents in peach flesh (1-14 mg of AsA/100 g FW).
1, 19, 24
220
The mean amount of total phenolics in our progeny fell within the range reported in the 221 literature for peach (14-77 mg GAE/100 g FW). 1, 19, 25, 26 It has been reported that climatic 222 conditions and agricultural factors can affect the fruit nutritional composition including 223 bioactive compounds. 27 However, in this work, all genotypes were grown under the same 224 environmental conditions and cultural practices and thus the differences in fruit quality 225 parameters noted above as well as in the content in bioactive compounds may be due to 226 differences in the genotype and year of study. In accordance with this statement, Hegedús et 227 al,. 28 have found 21-to 35-fold differences in total phenolic content and antioxidant activity 228 among a wide range of apricot genotypes grown under the same environmental conditions. 229 Also, Cantín et al., 19 found a big influence of genotype on antioxidants among 15 different 230 peach populations. Regarding flavonoids, the mean value (6.4 mg of CE/100 g FW) was 231 comparable to that obtained by the same authors in other progenies (8.8 mg of CE/100 g FW). 232
The RAC also showed a high variability among genotypes (395 mg of Trolox equivalent kg Vizzotto et al., 26 reported that the total phenolic content had the most consistent and highest 238 correlation with antioxidant activity indicating that it is more important in determining the 239 antioxidant activity of peach and plum fruit than are the anthocyanin or carotenoid contents. 240
Phenolic compounds are responsible for antioxidant, anti-inflammatory and immune-241 stimulating functions that benefit human health. In particular, fractions containing 242 polyphenols from peach extracts showed potential growth inhibition in colon cancer cells. 30, 31 243
Regarding the annual variation of antioxidant compounds content, results showed 244 changes in the contents of flavonoids and RAC, whereas vitamin C and total phenolics 245 showed similar results among years of study (Table 2) . Manach et al., 12 reported that 246 pedoclimatic and agronomic factors have a major effect on polyphenol content. Exposure to 247 light has a considerable effect on most flavonoids content and the degree of ripeness 248 considerably affects the concentrations and proportions of the various polyphenols. 12 Our 249 results allowed us the preselection of six genotypes with high RAC and enhanced 250 concentrations of antioxidant compounds and total sugars ( 33 . These differences might be partially 257 explained considering that heritability coefficient value is a function of variability of a 258 specific character in the studied population as well as a function of environmental variance 259 that the trees are growing in. 32 In addition, in most of the previous work, heritability 260 coefficients were used in a narrow sense (h 2 ), which represents the relation between additive 261 genetic variance and phenotypic variance. However, in the present work, heritability 262 coefficients have been used in a broader sense and they represent the relation between genetic 263 variance (additive and dominant), and total phenotypic variance. 264
Total sugar content 265
The studied population exhibited wide phenotypic variations in sugar contents among 266 genotypes (Table 3) Consequently, the percentage of sorbitol in the sugar composition was significantly different 273 among genotypes (1.9-8.3%). 274
Sorbitol is the sugar that was significantly most affected by year ( Table 2) . Colaric et 275 al., 34 reported that sorbitol was the attribute most related to peach aroma and taste among 276 carbohydrates and organic acids. Results showed different distribution of sugar compounds 277 throughout years with slight variability of sucrose and total sugar content among years (Table  278 2), which could be due to the influence of weather conditions ( Figure S1 ). Sorbitol showed 279 significant differences among the three years of study, and sucrose, sorbitol and total sugars 280 showed a slight superiority in 2010. Brooks et al., 35 also reported a year-to-year variation in 281 sugar and acid content in fruit of four clingstone peach seedling populations. Year-to-year 282 variation in the percentage of sugar may be explained by differences in climate and crop load 283 among years 35 , and also by differences in maturity at harvest. The transgressive segregation 284 that was found for all the sugars also indicates that it is possible to select for high sugar 285 content or specific sugar content in most segregating peach seedling populations. 20 The 286 content of total sugars in the six preselected genotypes (see Table S1 ) was also considered for 287 the pre-selection process. 288
Quantitative variation for chilling injury symptoms 289
The F1 progeny showed a high variability for all the evaluated CI symptoms. The 290 variation of the symptoms was studied using the mean of two-year data (2010) (2011) . 291
Continuous distribution was shown for leatheriness, browning, bleeding, and off-flavor, 292 suggesting polygenic control of these symptoms as was reported in other non-related peach 293 progeny populations. 5, 6, 11 Leatheriness, bleeding and browning were the major CI symptoms 294 observed in this CNMF progeny. As expected, the duration of storage (2 or 4 weeks at 5 ºC) 295 increased the severity of CI symptoms. 296
After 2 weeks of cold storage, the main CI symptoms observed were leatheriness and 297 bleeding (Figure 1) . Although 15% of the progeny showed bleeding, its manifestation was 298 less severe compared to other studied peach progenies.
6, 10 However, the flesh red color 299 observed in the fruit flesh could be due to the characteristic pigmentation of fruit flesh in this 300 progeny and may have hindered the evaluation of CI-related red coloration. On the other 301 hand, Lurie and Crisosto 3 reported that flesh bleeding could be associated with fruit 302 senescence and not with CI disorders which could be an explanation to the low impact of 303 storage duration on this CI symptom in this study. For leatheriness, this progeny showed 304 higher susceptibility to this CI symptom (41.2%) when compared to FMF progeny 5 , and 305 similar results were observed for flesh leatheriness when other authors analyzed it only within 306 a CNMF progeny.
6 It should be noted that the population evaluated in this study was entirely 307
CNMF. 308
After 4 weeks of cold storage, a considerable higher proportion of fruit was 309 significantly affected by CI symptoms (with the exception of bleeding), showing that these 310 disorders are triggered by the cold storage duration, as previously reported.
3 The major CI 311 symptom observed after 4 weeks of storage was flesh browning. On the other hand, it is worth 312 noting that browning scoring might be underestimated in the population since the visual 313 scoring of this trait in the area surrounding the stone is more difficult to accomplish in the 314 clingstone individuals due to the adhesion of the flesh tissue to the stone. Leatheriness 315 expression in the fruit also increased after 4 weeks of cold storage, compared to the shorter 316 cold storage period studied. A decrease in bleeding was scored after 4 weeks of cold storage, 317 which could be explained by the oxidation of the red pigments, and the difficulty of 318 accurately scoring bleeding in this population (at 2 weeks) due to its natural red pigmentation. 319 Similar results were found by other authors for bleeding when analyzed only within a FMF 320 peach progeny and for mealiness when analyzed only within a CNMF progeny. 6 These 321 authors reported that mealiness was almost non-existent in a CNMF progeny, while bleeding 322 incidence was higher in the CNMF progeny after 2-3 weeks of cold storage.
6, 10 Similarly, 323
Martínez-García et al., 36 reported that flesh bleeding occurs primarily in non-melting-flesh 324 fruit, and particularly when the fruit is white-fleshed. Interestingly, the results of this work 325 showed at least seventeen genotypes (20, 22, 33, 44, 58, 68, 70, 72, 76, 80, 81, 96, 106, 118, 326 120, 124 and 129) with low susceptibility to CI symptoms and with several good organoleptic 327 traits (values for fruit weight, vitamin C, RAC, total phenolics, flavonoids or sugars over the 328 average). 329
Genotype was the main factor contributing to phenotypic variation for all the CI 330 symptoms (Table 4) , showing a contribution between 32.2% for leatheriness and 95.1% for 331 bleeding. These results agree with others authors 6, 36 who reported that susceptibility of stone 332 fruit to CI is highly influenced by the genetic background of the cultivar. Off-flavor and 333 bleeding showed the higher proportion of phenotypic variance attributed to year and storage 334 duration, which agrees with reported variations between years in CI symptoms. 36, 37 Cantín et 335 al., 5 reported that genotype was the main factor contributing to phenotypic variation for all the 336 CI symptoms measured in the cross 'Venus' × 'Big Top', showing a contribution of 29%-337 65% to total variability. 338
PCA analysis and correlations between CI symptoms and pomological traits 339
A principal component (PC) analysis of the main agronomic and biochemical traits 340 and CI symptoms was performed to evaluate the ripening related variables during harvest and 341 storage (Figure 2 ). PC1 and PC2 accounted for 15.2 and 12.2% of total variance, 342 respectively. On one hand, an examination of PC1 loadings suggested that genotypes 343 containing high antioxidant capacity (high levels of total phenolics and flavonoids and high 344 RAC), high sugar content (SSC and total sugars), and high fruit weight (right side of the axis) 345 presented low bleeding after 2 and 4 weeks of storage (left side of the axis). These results can 346 be explained by the negative correlation found between bleeding after 2 weeks of storage with 347 SSC (r=-0.188, P ≤ 0.05) and fruit weight (r=-0.287, P ≤ 0.01). Moreover, comparable results 348 obtained by other authors in peach fruits stored at 5 ºC support these data. harvested at low firmness.
39 Furthermore, the relationship between CI symptoms and RI could 362 be explained since the severity of CI damage depends on the ripening stage at harvest. 12 However, no significant correlation was found between 375 flavonoids and CI symptoms in our progeny. 376
Finally, at each period of storage, significant correlations (P ≤ 0.01) between chilling 377 injury symptoms were found, i.e. leatheriness with off-flavor (r=0.496 and r=0.313), after 2 378 and 4 weeks of cold storage, respectively) and browning with CI index (r=0.298 and r=0.276, 379 after 2 and 4 weeks of cold storage, respectively). These data indicated that all CI symptoms 380 were related to the process of fruit being damaged by cold. It is interesting to note the 381 correlation between leatheriness after 2 weeks of cold storage and browning after 4 weeks of 382 storage (r=0.239, P ≤ 0.05), implying that with time, leatheriness could progress into 383 browning. Oxidation reactions after cold storage of fruit result in the formation of more or 384 less polymerized substances, which lead to changes in the quality of fruit, particularly in color 385 and organoleptic characteristics and such changes may be harmful (browning) to consumer 386 acceptability. The selection for reduced degree of browning in commercial varieties has 387 resulted probably in the indirect selection of materials with lower concentrations of 388 phenolics. 
